Adsorption of formic acid on rutile TiO2 (110) revisited: An infrared reflection-absorption spectroscopy and density functional theory study. 
two species which bind to an O vacancy site were found to have similar binding energies (1.85 eV and 1.87 eV). Formate adsorbed to one Ti 5c and a protonated, two-fold coordinated O 2c in the bridging oxygen row (or equivalent, a hydroxylated O vacancy), was found to have the weakest binding energy of the four possible adsorption geometries (E bind = 1.31 eV). The majority species seen in IRRAS was confirmed to be the bridging bidentate formate species with associated symmetric and asymmetric frequencies of the (OCO) modes measured to be at 1359 cm -1 and 1534 cm -1 , respectively. The in-plane (C-H) wagging mode of this species couples to both the tangential and the normal component of the incident ppolarized light, which results in absorption and emission bands at 1374 cm -1 and 1388 cm -1 .
IRRAS spectra measured on surfaces prepared to be either reduced, stoichiometric, or to contain surplus O adatoms, were found to be very similar. By comparisons with computed spectra, it is concluded that formate binds to in-plane Ti 5c atoms rather than to O vacancy sites. The results emphasize the importance of protonation and reactive surface hydroxylseven under UHV conditions -as reactive sites in e.g. catalytic applications.
I. Introduction
Titanium dioxide (TiO 2 ) has been the subject of numerous studies in the past few decades, which partly has been driven by its catalytic properties, with applications in e.g. photocatalysis 1, 2 and low temperature oxidation catalysis. 3 Fundamental surface science studies have hitherto mainly been performed on the rutile TiO 2 (110) surface. 4 This is the thermodynamically preferred rutile facet and can readily be obtained as single crystals in large dimension (of the order of 1 cm 2 ) to allow for a wide variety of experimental investigations.
altering the surface preparation procedures. [4] [5] [6] [7] Most ultra-high vacuum (UHV) studies so far have been conducted on reduced TiO 2 surfaces simply because of the sputtering-annealing procedures involved in the sample preparation. 4 This is commonly believed to give rise to O vacancies in the rutile TiO 2 (110) surface, where two-fold coordinated bridging O (O 2c ) surface atoms are missing. In a recent STM study it was shown that these bridging O vacancies rapidly become hydroxylated to form OH defects even at good UHV conditions.
For example, a typical reduced surface, with 5% ML bridging O vacancies, became hydroxylated within a few minutes at a base pressure of approximately 2×10 -10 Torr. 6 Formate adsorption on TiO 2 has been studied extensively. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] Previous studies of 
, which bind to lowcoordinated Ti and O surface atoms, respectively. 22, 23 The adsorption structure of small molecules, such as HCOOH, can be studied favourably by infrared spectroscopy, and in particular infrared reflection-absorption spectroscopy (IRRAS) has been employed to study e.g. NO, CO and H 2 O adsorbed on TiO 2 (110). [24] [25] [26] However, the only infrared study of HCOOH adsorption on single crystal TiO 2 (110) we are aware of is the study by Hayden et al. 22 Based on the azimuthal dependence of p-polarized IRRAS measurements they showed that two differently coordinated formate species existed on the (110) surface. The majority species, denoted "A", was attributed to bridging bidentate formate bonded to two five-fold coordinated Ti 5c atoms in the troughs, with the molecular O-C-O axis oriented along [001] direction, whereas a minority species, denoted "B", was attributed to formate adsorbed with the molecular axis aligned in the [110] direction, with one oxygen atom sitting in an oxygen vacancy, and with the other O atom bonded to a Ti 5c atom. The coverage of these two species were estimated to be 0.4 and 0.2 monolayer, respectively. Comparisons with other experimental studies, such as scanning tunnelling microscopy (STM), photoelectron diffraction (PhD), and low energy electron diffraction (LEED), 13, 27, 28 reveal, however, that the concentration of the minority species may be very low. In light of the fast hydroxylization of the surface at pressures in the 10 -10 mbar range 6, 7 it may therefore be anticipated that the formate ion could interact with OH defects rather than O vacancies.
Here we present a combined study employing s-and p-polarized IRRAS measurements and density functional theory with Hubbard U (DFT+U) calculations to explore the adsorbate structure and vibrational properties of HCOOH adsorbed on rutile TiO 2 (110) surfaces prepared to mimic a stoichiometric, reduced and oxidized surface, respectively. Our results
show that the observed IR spectra are consistent with two main formate structures; one agreeing with the main species ("A") proposed by Hayden et al., 22 and a second due to a formate ion forming a hydrogen bond to an OH group identified as a protonated bridging O atom -regardless of surface preparation. Our results support the conclusions from the STM study of oxygen vacancies on rutile TiO 2 by Wendt et al., 6 i.e. that O vacancy sites rapidly become hydroxylated, which is qualitatively also supported in the STM study by Cui et. al. 29 ,
and therefore necessitates a reinterpretation of the formate adsorption structure on TiO 2 (110), and the role of O vacancies for the surface reactivity of TiO 2 in general.
14, 15
II. Experimental
IRRAS measurements were performed in an UHV chamber connected to a vacuumpumped FTIR spectrometer (Bruker IFS 66v/S, Ettlingen, Germany). The spectrometer was coupled to the UHV vacuum chamber through a vacuum-pumped beam path connected to the spectrometer pump. A KRS-5 wire grid polarizer (Specac, Orpington, UK) mounted between the focusing optics and the KBr window connected to the UHV chamber was used to select The samples were cleaned by repeated cycles of sputtering of Ar ions at 1 keV and an ion current of 1 µA on the sample at 323 K for 10 min. Depending on the desired surface condition ('reduced', 'stoichiometric' or 'oxidized'), different preparation procedures adapted from the literature was employed. [4] [5] [6] To create a reduced surface (r-TiO 2 (110)), the sample was annealed at 973 K in vacuum for 20 min. For the stoichiometric (s-TiO 2 (110)) and oxidized surfaces (o-TiO 2 (110)), the samples were annealed at 973 K for 10 min at 1×10 -6 mbar O 2 , and subsequently 10 min in UHV. This cycle was repeated four times before each IRRAS measurement. The low-energy electron diffraction (LEED) pattern of the surface was regularly measured (model BDL800, OCI Vacuum Microengineering, London, Canada) to ensure that sharp spots due to the typical 1×1 surface structure were observed. After the LEED measurements, the samples were flashed to 600 K to obtain surfaces as hydroxyl-free as possible. In the case of the o-TiO 2 (110) surface, the sample was subsequently cooled to 140 K, followed by 2 Langmuir (L) of O 2 dosing, and brief annealing of the sample to 273 K.
Employing different surface preparations is expected to result in different concentrations of O vacancies on the surface. However, as the experiments show, no large difference between HCOOH adsorption on the r-TiO 2 and s-TiO 2 surface is observed. As we argue here, and as reported by Wendt et al. 6 , this is due to hydroxylation of O vacancies during sample preparation.
Exposure of formic acid (HCOOH puriss, Fluka, Schnelldorf, Germany) was achieved with a directed gas doser placed in front of the sample, which sprayed the gas through a 1 µm pinhole. The gas doser was mounted on a linear translator on the UHV chamber, and connected to a reservoir of formic acid, which could be evacuated by a mechanical pump.
Prior to dosing, the formic acid was subjected to several freeze-thaw cycles. Formic acid dosing was performed for 60 s, followed by 60 s evacuation of the directed gas doser before the IRRAS measurement started. This gas dose corresponds to saturation coverage of formate ( = 0.5 for species A, see Section III.B and Fig. 1 for definition of species A), as deduced from IRRAS measurements as a function of dosing time.
III. Calculations

A. Methods
Spin-polarized DFT+U calculations were performed within the Vienna ab initio simulation package (VASP), [30] [31] [32] [33] using periodic boundary conditions and a plane wave basisset for stoichiometric and reduced TiO 2 (110) surfaces, with and without adsorbed HCOOH.
For the reduced TiO 2 system, the Hubbard U parameter is often considered as an affordable way to capture the polaronic nature of the extra electrons in the reduced system. 34 Combined with the gradient generalized approximations (GGA) exchange-correlation functional in the version of Perdew, Burke and Ernzerhof (PBE), 35 the DFT+U method implementation of Dudarev et al. 36 was used. The value U=4.2 eV was applied; this value has been widely used for TiO 2 related system with oxygen vacancies. 37, 38 The core-valence electrons interaction was described by the projector augmented-wave (PAW) method, 39 and an energy cut-off of 500 eV for the basis-set expansion was used. One k-point (Γ) only, and a Γ-centred 2×2×1 kpoints grid, sampled with the Monkhorst-Pack method, 40 were used for structure relaxation and static energy calculations, respectively. The structures were relaxed until the residual force on each atom was < 0.02 eV Å -1 , and the total energy calculations were converged to < 10 -5 eV per supercell. The dipole correction was adopted in the surface normal direction. 41 We also calculated the transition energy barriers of some configurations transformation and estimated the reaction rates, by employing the Climbing-Image Nudged Elastic Band (CI-NEB) method [42] [43] [44] as implemented in VASP. We used five images, and the force convergence criterion here was 0.1 eV Å -1 .
B. Structural models
First, the geometry of bulk rutile TiO 2 was relaxed, giving the lattice parameters a = respectively, based on the optimized bulk structure. To prevent the interaction between virtually repeated images in the surface normal direction, the vacuum layers between the images was set to be at least 15 Å for all surface systems studied. 
C. Simulation of IRRAS spectra
Vibrational frequencies and polarizability tensors
First we performed DFT+U calculations for the systems described in section III.B to calculate the properties that will be used for the spectra model in the following section III.C.2.
The harmonic vibrational frequencies and the normal mode eigenvectors of the adsorbate on the rigid optimized TiO 2 surface were calculated using the finite difference method. Moreover, the Born effective charge tensor of each atom, which is the partial derivative of the macroscopic polarization with respect to atomic displacement at zero external electric field, was calculated by using the density functional perturbation theory (DFPT) inherent in the VASP program. 46, 47 Local field effects, including both the Hartree potential and the exchange correlation potential, were considered.
The vibrational polarizability, α, was calculated following the formalism of Pedersen et al. 48 and Karhánek et al. 49 Thus the Born effective charge tensor Z was projected to an arbitrary direction ê of the eigenvector of each normal mode | , to obtain the charge vector of this selected normal mode,
where ê is the unit direction vector in x, y, or z direction. The vibrational polarizability tensor of this normal mode then becomes 2 , , ,
Here the subscript i, j represent the directions (x, y, or z),
is the angular frequency of the normal mode, c is the speed of light, and  is the wavenumber of the mode.
Three-layer model for IRRAS spectra simulation
The IRRAS spectra were simulated using a three-layer model assuming that the system is consisting of a vacuum layer, an adsorbate layer, and a semiconductor substrate layer. The vacuum and substrate layer are simply represented by dielectric constants, and the adsorbate layer is represented as Lorentz oscillators, 50, 51 in which polarizabilities are calculated from our atomic models as described above. 
    
here E t,s denotes an s-polarized E-field, which is always perpendicular to the incident plane and tangential to the substrate surface plane, E p denotes the p-polarized E-field of light, which always is in the incident plane, thus E t,p , and E n,p denote the components of a p-polarized Efield, being tangential and normal to the substrate surface, respectively. And  is the wavenumber (cm -1 ),  is the angle of incidence (85° in our experiments),  s ,  a and  v =1 are the dielectric functions for the substrate, adsorbate and vacuum respectively, N s is the number of adsorbate molecule per surface unit cell, and  is the polarizability of the adsorbate.
Implicit in this model is that the adsorbate polarizability can be anisotropic, but with principal components being along the x-, y-(or in-plane) and z-(or out-of-plane) directions (i.e. the dielectric tensor and polarizability tensor describing the adsorbate layer are diagonal).
If the molecule is oriented so that the principal axes not corresponds to the in-plane or out-ofplane directions of the crystal, the contribution to s-and p-polarized light will be a combination of the projections of the contributions from the molecule principal axes on the x, y and z directions. When we apply the three-layer model to our experimental condition, a general result is that s-polarized light only gives rise to emission bands (E t,s , R/R 0 < 0 or TiO 2 is a wide bandgap semiconductor, so  s is real in the infrared spectral range, and
For a stoichiometric surface, we use n s =2.4, and for the reduced surface, n s =1.9 is used. 52, 53 The wavenumber-dependent polarizability is calculated by summation of the electronic ( e ) and the vibrational ( v ) parts of all the normal modes, expressed as Lorentz oscillators, as follows:
vibrational part, and it can be calculated if the line width,   , is known. We assume a uniform line width with a reasonable value (   = 5 cm -1 ), since the focus here is on the IR peak positions and their relative amplitude. Finally,  a , which is needed in eqn. 5 is also related to the electronic and vibrational parts of the polarizability, α e and α v, as follows:
Note that in eqn. 5, only the z component of  a is needed.
In eqn. 
From the above equations, the IRRAS spectrum for each adsorbate structure (A, B, C, and D) was calculated. From these spectra, the experimental spectra were then simulated by varying the concentration ratio of possible configurations of adsorbate species. It is also worth noting that, the perpendicular component (E n,p ) of the IRRAS spectra may be sometimes shifted in frequency relative to the parallel components (E t,s and E t,p ), a phenomenon which can be understood from the three-layer model: due to the frequency dependence of ε a in eqn. 5.
V. Results
A. Polarization, angle and substrate dependence on IRRAS measurements
Before we go into IRRAS measurements, it is necessary to first consider the polarization, incident angle, and substrate dependence of the infrared reflection from the surface.
According to eqn. 4 and 5, the sign of R/R 0 , i.e. the adsorbate-induced change in reflectivity, 52, 53 ). This also implies that the critical angle of incidence for R/R 0 to change sign is ° and °, respectively, for these values of n s , i.e. much smaller than the grazing angle used here. Thus in our experimental setup, R/R 0 for E t,p and E n,p is not expected to change sign due to changes of n s regardless of surface preparation.
However, it is also important to note that a change in n s (and thereby  s ) will scale differently for R/R 0 for E t,p and E n,p (eqns. 4 and 5) and thus may affect the sign of R/R 0 for E p (eqn. 7). This can easily be seen by using a simplified three-layer model. As before, vacuum is the incident medium and TiO 2 the non-absorbing substrate, but the adsorbate layer is in this simplified case described by a homogenous layer with an effective refractive index instead of Lorentz oscillators with calculated  a (by means of eqn. 10). With this simplification the reflectance spectrum for different light polarizations, angles of incidence and refractive indexes can readily be expressed analytically (Fig. 2) . 56 This approach has e.g.
been utilized by Xu et al. to qualitatively interpret IRRAS spectra for NO adsorbed on rutile TiO 2 (110).
Using reasonable values of the refractive index of formic acid, 57 it is evident from Fig. 2 that R/R 0 for E p may change sign as a function of n s by varying n a only slightly. The corresponding results using the refractive index as obtained from the DFT+U calculations are shown in the inset of Fig. 2 . We find that the optical properties of the adsorbate layer will dictate whether or not a change of sign for a particular vibrational mode with p-polarized light is to be seen on a reduced and fully stoichiometric TiO 2 substrate. In the measured reflectance spectra, for the different surface preparations, no change of sign is seen (vide infra), indicating that n a is sufficiently small to prevent a change of sign of the IRRAS signal as n s changes (going from a reduced to a stoichiometric surface). in Ref. 24, 56 . The inset shows the results using the refractive index n a = 1.56+0.63i for the  a (OCO) = 1503 cm -1 bond frequency obtained from the DFT+U calculations.
B.
Experimental IRRAS spectra on r-TiO 2 (110) surface 
C. Simulated IRRAS spectra
In this section, we show results of simulated IRRAS spectra using the procedure outlined in section III.C. First we will present calculated spectra for (HCOO 
D. Comparison of experimental IRRAS spectra on r-, s-, and o-TiO 2 (110) surfaces
Experimental IRRAS spectra of formic acid adsorbed on oxidized, stoichiometric and reduced TiO 2 (110) surfaces are shown in Fig. 5 and Fig. 6 for = 0° and = 90°, respectively. With p-polarized light the spectra appear almost identical for the three different surface preparations, with emission peaks at 1361 and ~1388 cm -1 and absorption bands at 1374, 1534, ~1562 and ~1582 cm -1 . For s-polarized light all three surface preparations exhibit two strong emission peaks at 1374 and 1534 cm -1 and a weak emission peak at ~1582 cm -1 .
For = 90° no clear emission bands are seen, and mainly background noise in the measurement is evident. 
E. Energy calculations of adsorbed species
The binding energies obtained from the DFT+U calculations for the different formate configurations depicted in Fig. 1 were calculated from eqn. 11, viz.
When all these systems were geometry optimized. The calculated binding energies of the geometry optimized structures are shown in Table I 
VI. Discussion
A. Coupling between incident light and adsorbate structure The p-polarized light has two components of the electric vector (E-vector): one normal (E n,p ) and one tangential (E t,p ) component, which both lie in the plane of incidence of the light. In contrast, s-polarized light has only one tangential component (E t,s ), which is perpendicular to the plane of incidence of the light. These E-vectors couple differently to the vibrational modes of the formate species depending on the incident azimuthal angle () of the light.
It is evident that for species A, the asymmetric  a (OCO) mode only couples to E t,p when = 90°. 22 For = 0° the  a (OCO) mode of A is silent under p-polarized light. Conversely, the symmetric  s (OCO) mode due to species A couples to E n,p independently of . This is due to The weaker signal of the δ(CH) mode than for (OCO) modes is due to its smaller polarizability.
Since species B binds to an O vac site, it is aligned with the molecular plane perpendicular to the [001] direction and the orientation of the molecule is slightly tilted with respect to the surface normal and therefore the C 2v symmetry is broken, and reduced to C s symmetry. Thus the dipole moment for the  s (OCO) mode is aligned slightly tilted from the surface normal, and it should therefore couple to E n,p for all . The  s (OCO) mode should thus also couple to both the E t,p component of p-polarized light at = 0°, and E t,s of s-polarized light at = 90°.
Similarly,  a (OCO) and in-plane δ(CH) should in principle also couple to both the E n,p and E t,p components of the E p -field as well as E t,s . These characteristics are shown in the simulated spectra in Figs. 4c and 4d.
As for species C, the formate ion orients also in [001] direction like species A. But the strong asymmetric geometry makes the symmetric and asymmetric (OCO) vibrations more close to the vibrations of C-O single bond and C=O double bond. It thus gives largest symmetric and asymmetric (OCO) frequency separation between these species. The C-O single bond occupying the O vac site is almost perpendicular to the surface, the E n,p light couples to it independent of . The E n,p also couples to the C=O vibration at any , while E t,p couples to it at = 90°, and E t,s couples to it at = 0°. The simulated spectra (Figs. 4e and 4f) are far away from the characteristic bands found in the experimental spectra, and the existence of species C on the TiO 2 (110) surface may thus be excluded.
Species D has the same orientation as species B, and by the same arguments, the symmetric and asymmetric (OCO), and in-plane δ(CH) vibrations couple to E n,p at any , and couple to E t,p at = 0°, and to E t,s at = 90°. The simulated spectra of D thus show similar characteristics as species B (Figs. 4c, 4d, and 4g, 4h) . Properties of species B and D will be discussed further in the following section.
B. Assignment of vibrational modes and surface species
Experimental and calculated vibrational frequencies and vibrational mode assignments
The experimental measured vibrational frequencies and the possible mode assignments, together with the theoretical calculated vibrational frequencies of each species are presented in Table II . The calculated frequencies are generally lower than the experimental ones. The results presented in Fig. 3a for p-polarized light and in Fig. 3b for s-polarized light can be explained by our theoretical calculations. The bands at 1534 cm -1 and 1359 cm -1 at = 90° (Fig. 3a) correspond to the  a (OCO) and  s (OCO) mode for species A, which appears at 1503 cm -1 and 1344 cm -1 in the calculated spectra of species A (Fig. 4a) . Furthermore, according to eqn. 3 and eqn. 6, s-polarized light only gives rise to emission bands, and the E t,s -vector should couple with the  a (OCO) mode in species A (1503 cm -1 ) only when  = 0°, (Fig. 4b) . This agrees well with the experimental results, where the  a (OCO) mode in species A (1534 cm -1 ) for s-polarized light incident is only seen in the [110] direction ( = 0°, Fig.   3b ). The very good agreement between of the calculated spectra of species A and the measured IRRAS spectra shows that the majority species on the surface is species A.
Assignment of IR bands at 1374 and 1388 cm -1
The emission band at 1374 cm -1 in Fig. 3b , which is seen for s-polarized light at  = 0°, can be attributed to the (C-H) in-plane wagging for species A in agreement with the simulations, where it is seen as a weak peak at 1359 cm -1 (Fig. 4b) . Rotating the crystal to = 90° quenches the 1374 cm -1 band completely. Further support for the assignment of this band can be found by a closer examination of the IRRAS spectra for p-polarized light which also reveals a dip around 1374 cm -1 in the measurement (Fig. 3a) , and at 1359 cm -1 for the simulation (Fig. 4a) . For p-polarized light this dip is only seen for  = 90° and thus correlates well with coupling of E t,p with the in-plane (C-H) mode in species A.
Considering just the coupling to the surface, the perpendicular component of a vibration mode will be shifted to higher wavenumbers compared to components aligned parallel to the surface. 22 Thus the weak emission band at 1388 cm -1 seen for p-polarized light (see Fig. 3a) may be assigned to (C-H) in species A coupled to E n,p . The lower intensity for = 90° compared to = 0° in Fig. 3a is explained by the overlap with the same vibrational mode coupled to E t,p , which gives rise to the absorption peak at 1374 cm -1 and hence suppresses the dependent, may give rise to the shift of the R/R 0 for E t,p and E n,p components in the model. However, with the parameter setup used here, the shift is negligible in our simulations, and hence it is not resolved.
Assignment of experimental signals at 1562 and 1582 cm -1
Inspection of the broad absorption band in the 1560 -1590 cm -1 region for ° of ppolarized light (Fig. 3a) reveals that the band consists of two weak absorption peaks, one at 1582 cm -1 and one at 1562 cm -1 . The mode at 1582 cm -1 is attributed to hydrogen bonded formate ions (outer-sphere complexes) present on the surface, guided by previous reports. 16, 50 The band at 1562 cm -1 is due to the  a (OCO) mode of the minority species. Within the threelayer model, coupling to the E n,p component yields only R/R 0 < 0 (R a /R 0 > 1, emission bands), see eqn. 5. Geometrical considerations exclude that it is due to species A. Therefore coupling of E t,p to species perpendicular to A must be included to account for the absorption band seen at 1562 cm -1 with p-polarized light for  (Fig. 3a) .
The geometry with a tilted molecular axis with respect to the surface normal for these minority species (Fig. 1) where we see no clear and systematic differences in the IRRAS spectra for different surface preparations (Figs. 5 and 6 ).
Based on the DFT+U calculations, the weighted simulated spectra consisting of either A and B species, or A and D species, show very similar spectral characteristics (Figs. 3c-3f ).
The existence of species D does, however, not require O vac sites, so it could for that reason be expected to exist on all the three surfaces. The assignment of the 1562 cm -1 band to the  a (OCO) mode of species D is thus more consistent with the experimental results (Fig. 5) .
However, the binding energy for species D is much higher than the other species (Table I) (Fig. 3b) , no unambiguous identification of this emission band with E t,s can be made, although we can infer that it should couple to E t,s for species B, or species D when  = 90°
( Fig. 4d and Fig. 4h ). The absence of any mode for = 90° with s-polarized light ( Fig. 3b and Fig. 6b ) further confirms that the concentration of B or D species must be small compared to the majority species A.
We therefore re-interpret the weak band appearing around 1562 cm -1 in p-polarized light = 0° IRRAS spectra ( Fig. 3a and Fig. 5 (Fig. 1) . By the same reasoning we predict that the D species will disappear at elevated temperatures, and the surface chemistry is dominated by reactions with Ti 5c sites.
C. Hydroxylation of O vacancies
For r-TiO 2 surface, the existence of species B cannot be excluded, since the coverage of the minority species is low and prevents unambiguous detection of the complementary modes in the 1200 to 1300 cm -1 region. The presence of O vac sites on reduced TiO 2 have been observed with STM by different research groups. 7 These STM experiments are generally performed with a base pressure in the 10 -11 mbar range, whereas in the present study the base pressure is in the 10 -10 mbar range. A surface with oxygen vacancies corresponding to 5% of a monolayer will have the O vac sites fully hydroxylated within a few minutes at pressures of about 210 -10 Torr due to the near unity sticking coefficient of water according to Wendt et al. 6 With the time scale of our experiments, which includes the time needed to cool down the sample to 273 K, and the time needed to acquire a background spectrum measurement (7 min.), we expect the oxygen vacancies to be fully hydroxylated when formic acid is adsorbed on the surface. Furthermore, the introduction of formic acid from a liquid reservoir will introduce additional water to the system both via the liquid formic acid reservoir that is kept at higher pressures, and via desorption from the chamber walls when the formic acid is dosed.
This will further accelerate the hydroxylation of the sample. Although the measurement time was shorter in the study by Hayden and Newton (3.5 min.), 22 it is reasonable to assume that their surface also is fully hydroxylated considering the dosing of formic acid, and the time needed to cool down the sample to 300 K after annealing, and employing a UHV chamber with a base pressure of 410 -10 Torr. 58 In general, the rapid healing of oxygen vacancies would favour adsorbate structures similar to species D (i.e. species interacting with protonated O 2c atoms) also for other adsorption systems on the well-studied r-TiO 2 (110) surface, and therefore necessitates a re-interpretation of reported surface reactions of TiO 2 (110). In Fig. 5 it can be seen that the absorption band at 1582 cm -1 is largest on the r-TiO 2 surface. As discussed above, this band is attributed to the asymmetric mode in hydrogen bonded formate ions. The fact that the intensity of this band is strong for the r-TiO 2 surface compared to the other surfaces implies that there are more OH groups, i.e. hydroxylated oxygen vacancies, on this surface. This is in line with the surface preparation method employed for the r-TiO 2 surface, which, by the reasoning here, produces more oxygen vacancies which rapidly becomes hydroxylated. This can thus be seen as an indirect confirmation of the rapid healing of oxygen vacancies by OH groups at high UHV pressures seen in STM studies. 6 It is thus important to be aware of the experimental conditions (surface preparation time, partial pressure of water in the chamber, gas dosing conditions, etc.) if adsorption and photoreactions of adsorbates on surface with O vac sites are to be studied. 
